Recent studies have found that Drosophila gene products required for zonula adherens formation in the ectoderm are also involved in the asymmetric cell division of the neuroblast. The results illustrate the reiterated use of groups of proteins to dictate cell polarity in epithelial and non-epithelial cells. Polarity is a fundamental property of cells in living organisms that is required for embryonic development as well as adult physiology. Epithelial cells, with their morphologically distinct apical and basal regions separated by cell junctions, have long been a favorite system for the study of metazoan cell polarity. Organisms contain other cells, however, that lack morphological asymmetry but are nonetheless highly polarized. To what extent are the mechanisms that regulate polarity conserved between epithelial and non-epithelial cells? This question has been addressed in the Drosophila embryo, where polarization of ectodermal epithelial cells and the non-epithelial neuroblasts is being studied by genetic analysis. Recent investigations into the mechanisms involved in polarizing neuroblasts have found genes that are also involved in polarizing epithelial cells. One pair of recent papers [1,2] describes components of a complex that organizes the apical domain of a neuroblast, while a second pair [3,4] unveils a novel mechanism involved in the asymmetric segregation of proteins to the neuroblast basal surface. The results emphasize that, while groups of proteins play roles in polarizing both tissues, there are intriguing differences in the manner by which the cells are polarized.
Polarity is a fundamental property of cells in living organisms that is required for embryonic development as well as adult physiology. Epithelial cells, with their morphologically distinct apical and basal regions separated by cell junctions, have long been a favorite system for the study of metazoan cell polarity. Organisms contain other cells, however, that lack morphological asymmetry but are nonetheless highly polarized. To what extent are the mechanisms that regulate polarity conserved between epithelial and non-epithelial cells? This question has been addressed in the Drosophila embryo, where polarization of ectodermal epithelial cells and the non-epithelial neuroblasts is being studied by genetic analysis. Recent investigations into the mechanisms involved in polarizing neuroblasts have found genes that are also involved in polarizing epithelial cells. One pair of recent papers [1, 2] describes components of a complex that organizes the apical domain of a neuroblast, while a second pair [3, 4] unveils a novel mechanism involved in the asymmetric segregation of proteins to the neuroblast basal surface. The results emphasize that, while groups of proteins play roles in polarizing both tissues, there are intriguing differences in the manner by which the cells are polarized.
The neuroblast is a spherically shaped cell that delaminates from the basal surface of the ectoderm during embryonic development. Through repeated cell divisions, the neuroblast gives rise to the larval central nervous system; the first of these divisions has been extensively studied as a model for asymmetric cell division (reviewed in [5] [6] [7] ). This division is asymmetric in both the relative sizes of the daughter cells and their fates. The larger daughter cell retains the neuroblast identity, while the smaller one becomes a ganglion mother cell. Interestingly, the ganglion mother cell is always produced at the basal side of the parent neuroblast. Basal placement of the ganglion mother cell results from the construction of a mitotic spindle that is oriented along the apical-basal axis and thus dictates an apicobasal plane of division. The plane of division is crucial because it leads to the differential inheritance of cytoplasmic components that are polarized to the apical or basolateral cytocortex during cell division. These components are essential for determining the differential cell fates, so the mechanisms that underlie their asymmetric localization have been subjected to intense scrutiny.
The cytoplasmic 'adaptor' proteins Miranda and Inscuteable, which are produced during formation of the neuroblast, are major organizers of the basal and apical cortex, respectively. During metaphase, Inscuteable forms a crescent along the apical membrane, while Miranda is restricted to a basal crescent (Figure 1c ). The apical crescent of Inscuteable is required for apicobasal orientation of the mitotic spindle, as well as for the localization of Miranda to the basal cytocortex. In embryos that lack Inscuteable, spindles are misoriented and Miranda forms randomly positioned crescents along the cell membrane. These results indicate that Inscuteable is a 'nodal point' that coordinates basal positioning of ganglion mother cell fate determinants with correct spindle orientation. Miranda, by contrast, serves to retain the transcription factor Prospero at the basal cortex. It is the segregation of Prospero exclusively into the basal product of division that determines ganglion mother cell fate. To ensure appropriate Prospero segregation, Miranda must be polarized into a cortical crescent, and this crescent must be restricted to the basal surface.
How is Inscuteable localized to the apical neuroblast cortex? Previous work had identified Bazooka as an Inscuteable-binding protein that is required for correct localization of Inscuteable [8, 9] . Bazooka is apically localized in neuroblasts, consistent with a direct role in recruiting Inscuteable to the apical cortex. When Bazooka is depleted from embryos, neuroblasts show Inscuteable protein distributed throughout the cytosol and display polarity and spindle phenotypes similar to those of inscuteable mutants. Interestingly, Bazooka is additionally required for polarization of the embryonic ectoderm, where the protein is also apically localized [10, 11] . Because of the neuroblast's origin in the ectoderm, it has been suggested that Bazooka is an apical cue that is inherited from the epithelium, around which neuroblast-specific proteins polarize. Thus, apical localization of Bazooka could link epithelial polarity with neuroblast polarity.
Bazooka is a PDZ-domain protein homologous to Par-3 of Caenorhabditis elegans. In the nematode, Par-3 is required for the polarized division of the early blastomeres [11] . The par-3 mutant worms exhibit defects identical to those caused by loss of the PDZ-domain protein Par-6 or the atypical protein kinase PKC-3 (reviewed in [12] ). The observation that Par-3, Par-6 and PKC-3 colocalize in the P0 blastomere led to the proposal that the three proteins exist in a complex that polarizes the early worm embryo. A similar complex exists in human cells, where it has also been suggested to function in cell polarity (reviewed in [13] ). This raises the question of whether Bazooka-dependent polarization of fly neuroblasts also involves Par-6 and PKC-3-like proteins.
Two recent papers [1, 2] report evidence, based on reverse genetics, that the fly homologs of Par-6 (dmPar-6) and PKC-3 (DaPKC) are indeed involved in cell polarity. These two proteins, dmPar-6 and DaPKC, colocalize with Bazooka at the apical cortex of neuroblasts as well as at the apical domain of ectodermal epithelia (Figure 1a,c) . Binding studies showed that the three proteins are found in a physical complex in embryos. Genetically reducing dmPar-6 or DaPKC function was found to cause defects in the apical localization of Bazooka and Inscuteable in neuroblasts, as well as the randomization of neuroblast spindle orientation. Furthermore, these embryos display defects in epithelial integrity similar to those caused by certain bazooka mutations. The data thus support the view that a functional complex of Bazooka, dmPar-6 and DaPKC plays a role in polarizing epithelial cells, as well as in organizing the apical pole of neuroblasts to localize Inscuteable properly following delamination.
These studies [1, 2] have thus identified new players in the process that orients the Drosophila neuroblast spindle and basally positions the Miranda crescent. But what are the mechanisms that actually form the Miranda crescent by regulating Miranda's asymmetric distribution along the cell cortex? This major gap in our understanding of neuroblast polarization has now been narrowed with two papers [3, 4] which describe the functions of the tumor suppressor genes lethal giant larvae (lgl) and discs-large (dlg) in neuroblast polarization.
The authors of these two papers [3, 4] both searched for mutations that altered Miranda localization in metaphase neuroblasts. They found that, in embryos lacking all lgl gene product, Miranda is distributed throughout the neuroblast cortex as well as in the cytoplasm (Figure 1d ). This phenotype is distinct from that seen in inscuteable mutant embryos, in which Miranda crescents are found but are Dispatch R133
Figure 1
Polarity markers in wild-type and dlg mutant ectodermal epithelia and metaphase neuroblasts, at mid-embryogenesis [1] [2] [3] [4] 17] . (a) In wild-type epithelia, Bazooka, dmPar-6 and DaPKC are found together in the apical region of the cell; Dlg is found at lateral junctions and Lgl is distributed along the membrane. Lgl is a cytoplasmic protein that was first identified as the product of a Drosophila tumor suppressor gene: lgl mutant larvae contain mispolarized and overproliferating imaginal discs [14, 15] . A second Drosophila tumor suppressor gene is dlg, which encodes a PDZ-domain protein [15] . Because lgl and dlg have identical mutant phenotypes in epithelial tissues [15] [16] [17] , the two groups [3, 4] examined whether Dlg might also play a role in neuroblast cell divisions. Indeed, dlg embryos were found to show mislocalized Miranda but properly localized Inscuteable, demonstrating that Lgl and Dlg are both required for the localization of basal, but not apical, proteins in neuroblasts.
Because neuroblasts maintain asymmetries first generated in the ectodermal epithelium, it was possible that the lgl and dlg mutant neuroblast phenotypes resulted from defects in epithelial polarity. But the data [3, 4] indicate that this is not the case, most convincingly by showing that neuroblast-specific expression of Lgl is sufficient to restore neuroblast polarity to an lgl null mutant fly with mispolarized epithelia [3] . It is also interesting to note that, in lgl and dlg mutants, apical proteins such as Bazooka are mislocalized to basal domains of epithelia; nevertheless, Bazooka is properly localized in the apical domain of lgl and dlg neuroblasts. These results argue for a surprising degree of independence of epithelial and neuroblast polarization.
In order to explore the mechanism by which Lgl and Dlg direct formation of Miranda basal crescents, the two groups [3, 4] examined the localization of the proteins in neuroblasts. Both proteins were found to be present throughout the neuroblast cortex (Figure 1c ), so although they have a number of protein-protein interaction domains they are unlikely to directly recruit Miranda to the basal pole. As in epithelial tissues [17] , cortical localization of Lgl is lost in dlg mutant neuroblasts, suggesting that Dlg-mediated membrane recruitment of Lgl is required for the basal localization of Miranda. Interestingly, the sensitivity of Miranda to loss-of-function lgl mutations varies with the cell cycle: lgl seems to be required in metaphase, when Miranda is initially localized at the basal cortex, but not afterwards when basal Miranda is maintained. On the basis of this, Ohshiro et al. [3] suggest that Lgl's role is in the initial targeting of Miranda to a specific site along the membrane, as opposed to Lgl being physically required for anchoring or trapping Miranda at the basal membrane.
How might the uniform cortical distribution of Lgl direct the localization of basal, but not apical, proteins? Lgl and its budding yeast homologs Sro7 and Sro77 bind to myosin II, the major non-muscle myosin in eukaryotes [18, 19] . Furthermore, mutations in sro7/sro77 act as suppressors of a yeast myoII mutant [19] . Inspired by these findings, both groups [3, 4] explored the relationship between Lgl and myosin function in neuroblasts through genetic analysis and drug studies. They found that a reduction of myosin II function, through either mutation or low doses of the general myosin inhibitor BDM, has no effect on Miranda localization in wild-type embryos. In hypomorphic lgl embryos, however, these same treatments result in a substantial restoration of basal Miranda crescents.
These observations indicate that Lgl and myosin II act antagonistically, in a dose-dependent manner, on Miranda localization, leading the authors [3, 4] to suggest that Lgl acts by opposing myosin II activity. Surprisingly, both groups found that higher doses of BDM given to wild-type embryos caused an lgl-like phenotype: loss of basal Miranda but maintenance of apical Inscuteable. Because the sensitivity of different myosins to BDM can vary, the authors propose a model in which an unknown myosin acts to promote basal targeting of Miranda, while myosin II acts to prevent it. Inhibition of myosin II function by Lgl would allow the basally targeted myosin activity to predominate, leading to the formation of basal Miranda crescents.
The roles of Lgl and Dlg in neuroblast polarization [3, 4] contrast to their roles in epithelial polarization [17] ( Figure 1 ). First, in epithelia, Lgl and Dlg are required for the localization of apical proteins, such as Bazooka, but not basal proteins. In neuroblasts, the opposite is true, and Bazooka localization is unaffected by lgl and dlg mutations. Second, epithelial Dlg is highly polarized in a lateral domain separate from apical Bazooka, while in neuroblasts, Dlg overlaps with Bazooka, and may even be enhanced in the apical domain. Third, Dlg acts to polarize epithelial proteins specifically outside of its domain of localization (the apical surface) while it acts to polarize neuroblast proteins within a distinct subset of its domain of localization (the basal surface). Finally, epithelial studies suggest that a major role of Dlg and Lgl involves the localization of transmembrane proteins, perhaps by targeting the insertion of such proteins in the appropriate membrane. In neuroblasts, by contrast, Dlg and Lgl seem to act primarily to polarize cytoplasmic proteins; no membrane proteins are known to be exclusively segregated to apical or basal domains of the neuroblast.
Further understanding of the fundamental polarizing activities of Dlg and Lgl may reduce these discrepancies. For instance, the differences in Bazooka localization in mutant epithelia and neuroblasts might result from the use of different cues for polarization in the two tissues. It is noteworthy that dlg and lgl mutant epithelia are not apolar, but maintain significant basal polarization. Appropriate apical polarization in lgl and dlg neuroblasts could result if the neuroblast cue is inherited from basal domains of epithelia, rather than apical domains. Such a model might also explain the expansion of Dlg from basal epithelial domains to throughout the neuroblast cytocortex.
A more difficult issue is whether Lgl polarizes cells by regulating myosin activity or vesicle transport. These models were suggested by evidence from yeast, where Lgl homologs have been shown to interact physically and genetically with myosin II [19] and with plasma membrane SNARE proteins, which play important roles in polarized vesicle transport [20] . One possibility is that, in flies as well as yeast, Lgl has two distinct activities, either of which can function in a given context. A second possibility is that Lgl has a single primary polarizing activity, and that other observed defects in mutants are an epiphenomenon of the loss of this activity. For instance, it is possible that membrane polarity in epithelia is secondary to cytoplasmic polarity dictated by Lgl-regulated myosin motors. Alternatively, myosin II might sequester a pool of Lgl that is not functional for SNARE binding, similar to the way that E-cadherin sequesters Armadillo -the fly homolog of β-catenin -from involvement in Wingless signalling [21] . Mutations or treatments that interfere with myosin II function would liberate more Lgl for SNAREbinding function, resulting in the rescue observed in embryos carrying maternally persistent Lgl protein. A third possibility is that the two activities of Lgl are intimately related; for instance, Lgl could regulate vesicle transport through both its myosin-binding and SNAREbinding activities. In this case, the myosin whose inhibition phenocopies lgl might be myosin V, which is required for vesicle transport in yeast and also genetically interacts with sro7/77 [19] .
The new results emphasize the conserved functions of the Bazooka-Par-6-aPKC and Dlg-Lgl 'cassettes' in the polarization of two different cell types. In the future, it will be interesting to explore the relations of these cassettes at other polarized sites in the fly -such as the neuromuscular junction, where Dlg has a well-documented role [22] -as well as in worm and vertebrate tissues. Understanding the cues that polarize the cassettes in different tissues, and the mechanisms by which the cassettes act to polarize the tissues themselves, will further our understanding of the intertwined processes that organize cellular space.
